INTRODUCTION
============

In 1865, Alfred R. Wallace first described a textbook example of a polymorphic, female-limited Batesian mimicry system in two closely related butterflies, *Papilio memnon* and *Papilio polytes* ([@R1], [@R2]). In these butterflies, the mimetic-type females resemble unpalatable models, such as *Atrophaneura polyeuctes* in the case of *P. memnon*, whereas nonmimetic females and males (monomorphic) do not ([Fig. 1A](#F1){ref-type="fig"}). The polymorphic mimicry of these *Papilio* butterflies is known to be controlled by an autosomal "supergene" known as the *H* locus ([@R3]--[@R6]). In *P. polytes*, recent genomic studies revealed that a 130-kb region containing the *doublesex* (*dsx*) and two other genes constituted the *H* locus with highly diverged mimetic (*H*) and nonmimetic (*h*) alleles ([@R7], [@R8]); the *H*-allele *dsx* functions in switching female phenotypes ([@R8]). Notably, the *H* locus corresponded to a region of an inversion polymorphism ([@R8]), which would maintain the structural and functional divergence of *dsx* alleles by suppressing recombination, as in many cases of adaptive polymorphisms ([@R9]--[@R13]). Recently, we found that the dimorphic *dsx* gene is also associated with the mimicry phenotypes ([Fig. 1A](#F1){ref-type="fig"}) in *P. memnon* in Taiwan ([@R14]). To understand the evolutionary origin and process for this mimicry polymorphism, we compared the structure of the mimicry locus in *P. memnon* (referred to as the *A* locus with *A*/*a* alleles in this study) with that of the *H* locus with *H*/*h* alleles in *P. polytes*. Unexpectedly, we found that the dimorphic genome structure of the *A* locus of *P. memnon* was not associated with a chromosomal inversion and may have evolved independently from the *H* locus in *P. polytes*.

![Phenotypes and genome information for *P. memnon*.\
(**A**) *P. memnon* and its model species, *A. polyeuctes*. Males and nonmimetic females (f. *agenor*) of *P. memnon* do not have tails on hind wings, whereas mimetic females (f. *achates*) have tails. (**B**) Comparison of main genome data among *Papilio* butterflies. (**C**) Phylogenetic tree of the concatenated protein-coding gene sequences for five *Papilio* butterflies. Multiple alignments of the 4163 ortholog groups were concatenated, and a phylogenetic tree was constructed by using 1,698,871 amino acid sites. Bootstrap values are shown on the branches.](aao5416-F1){#F1}

RESULTS
=======

Whole-genome sequencing of mimetic and nonmimetic *P. memno*n samples
---------------------------------------------------------------------

To explore the mimicry locus, we first conducted a de novo whole-genome assembly of *P. memnon* using data from a mimetic female (*dsx* genotype *AA*; ID, mimetic 1) and a nonmimetic female (*aa*; nonmimetic 1) and confirmed the sequences using genome data from additional nine individuals (table S1). The genotypes at the *dsx* locus of these individuals were determined following methods described by Komata *et al*. ([@R14]). The total genome size was 232.7 Mb, with a 5.5-Mb scaffold N50 and 11.8-kb contig N50 (table S2). The total number of predicted genes was 12,426, and the mean lengths of coding sequences (CDSs) were 1508 base pairs (bp) (table S3). These values were similar to those of *P. polytes*. The number of ortholog groups among the five *Papilio* species estimated by Proteinortho (identity, \>25%; coverage, \>50%) is shown in [Fig. 1B](#F1){ref-type="fig"}. The phylogenetic relationships of these species based on whole orthologous genes ([Fig. 1C](#F1){ref-type="fig"}) were consistent with previous results ([@R8], [@R15]). On the basis of the synonymous site divergence (*K*~s~ value) data (see Materials and Methods), we also constructed a phylogenetic tree (fig. S1), which shows the same topology as in [Fig. 1C](#F1){ref-type="fig"}.

Association of the *A/a* mimicry alleles with a long highly diversified region near *dsx* in *P. memnon*
--------------------------------------------------------------------------------------------------------

Comparing the whole-genome sequences of the mimetic female and nonmimetic female of *P. memnon*, we discovered a highly diversified region (HDR) with less than 90% identity over the 100-kb region near the *dsx* locus on chromosome 25 of *P. memnon* ([Fig. 2A](#F2){ref-type="fig"}), a result similar to that for *P. polytes* ([@R8]). The lower percent identity in the HDR (named *dsx*-HDR) indicates structural differences derived from mimetic (*A*) and nonmimetic (*a*) chromosomes. In addition, we found two HDRs on chromosomes 9 and 23 among all autosomes of the mimetic female (mimetic 1). A Harr plot suggested that chromosomal inversions existed for the HDRs on chromosomes 9 and 23 but not for the *dsx*-HDR on chromosome 25 ([Fig. 2B](#F2){ref-type="fig"}). Furthermore, no chromosomal inversion was found around the *dsx*-HDR over 2 Mb (fig. S2, A and B).

![A long *dsx*-HDR is associated with the mimicry trait.\
(**A**) Comparison of the mimetic and nonmimetic genome sequences. For each 50-kb segment in the mimetic draft genome, sequence identity to the nonmimetic genome (vertical axis) and mapped position to the chromosomes of *B. mori* (horizontal axis) were calculated (see Materials and Methods) and plotted as a point. Red points correspond to segments whose identity is \<95%. The sequence data were obtained from a nonmimetic female (nonmimetic 1, genotype: *aa*) and a mimetic female (mimetic 1, genotype: *AA*). (**B**) Harr plot for the three HDRs on chromosomes 9 (scaffold position, 4000 to 8000 kb), 23 (scaffold position, 4400 to 4800 kb), and 25 (scaffold position, 0 to 400 kb). Horizontal axis, allele *a*; vertical axis, allele *A*. The color of each dot indicates the homology level between the sequences of the *a* and *A* alleles as shown at the bottom of each figure. The HDRs on chromosomes 9, 23, and 25 (*dsx*-HDR) are shown with red arrowheads. (**C**) Estimation of the zygosity of the *A*-type *dsx*-HDR and inverted-type HDRs for 11 butterflies based on the normalized coverage depths. The coverage depth of HDR in chromosomes 9, 23, and 25 of 11 butterflies was normalized by the value corresponding to the homozygous regions (see Materials and Methods). Whole-genome sequencing of 11 butterflies revealed that only the *dsx*-HDR in chromosome 25 was completely associated with mimicry phenotypes. Individuals used: four nonmimetic females (nonmimetic 1 to 4, genotype: *aa*), six mimetic females (mimetic 1 to 2, genotype: *AA* and mimetic 4 to 7, genotype: *Aa*), and one male (mimetic 3, genotype: *AA*). (**D**) Genetic divergence (*F*~st~) between mimetic and nonmimetic populations. Each point corresponds to a 10-kb window in the *P. memnon* draft genome, and windows with *F*~st~ \> 0.5 are shown as red points. All windows are mapped on *B. mori* chromosomes. (**E**) A 4-Mb region on two *P. memnon* scaffolds that contain the highest-*F*~st~ windows and *dsx* genes. The order of the two scaffolds is determined based on links of mate pairs and synteny with other *Papilio* species.](aao5416-F2){#F2}

To determine the association of heterozygosity in each HDR with the mimicry polymorphism, we conducted read mapping of the whole-genome sequence data against both allelic sequences at the three HDRs from 11 individuals with known *dsx* genotypes \[2 *AA* and 4 *Aa* mimetic females; 4 nonmimetic (*aa*) females; 1 *AA* male\] including the two females used for the whole-genome sequence assembly ([Fig. 2C](#F2){ref-type="fig"} and table S1). Before genome sequencing and read mapping, we determined the *dsx* genotype (*AA*, *Aa*, and *aa*) of each sample using a real-time polymerase chain reaction (PCR) method that we have established previously ([@R14]). To judge which HDR of the three HDRs was related to the mimicry polymorphism, we conducted read mapping against both allelic sequences at the three HDRs to determine the association of each locus' heterozygous structure with the mimicry phenotype in the 10 individuals (6 mimetic with two *AA* and four *Aa*; 4 nonmimetic with *aa*) ([Fig. 2C](#F2){ref-type="fig"} and table S1). Here, each read from an HDR was mapped to one of the alleles that indicated higher identity, and the resulting coverage depth corresponded to that of specific alleles. The coverage depth for the heterozygous region was assumed to be approximately half of the homozygous peak, and we estimated the zygosities of the HDRs for each individual on the basis of the coverage depth normalized to the homozygous peak.

The coverage depth against the *A*-type *dsx*-HDR on chromosome 25 corresponded with the *dsx* genotype and was associated with the mimetic/nonmimetic phenotypes in all 10 females. However, the coverage depth against the inverted-type HDRs on chromosomes 9 and 23 showed an association with the *dsx* genotype in only one (mimetic 1) and two (mimetics 1 and 7) female individuals, respectively ([Fig. 2C](#F2){ref-type="fig"}). For the *a*-type *dsx*-HDR and non--inverted-type HDRs, similar results were obtained. We further performed read mapping by 1-kb windows in the *dsx*-HDR, excluding repeated and gapped sequences, and found the complete association between coverage depth values and *dsx* genotypes along the entire region for 11 individuals (fig. S3, A and B).

To confirm that only the *dsx*-HDR is associated with the mimicry polymorphism in *P. memnon*, we also calculated genetic divergence (*F*~st~) between six mimetic (*AA* or *Aa*) and four nonmimetic female (*aa*) individuals throughout the whole genome based on single-nucleotide polymorphisms (SNPs) for 10-kb windows using resequencing reads ([Fig. 2D](#F2){ref-type="fig"}). As a result, 17 contiguous windows (that is, a 170-kbp region) containing the *dsx* gene on chromosome 25 showed the highest *F*~st~ values, indicating association with the mimicry polymorphism ([Fig. 2](#F2){ref-type="fig"}, D and E). We also examined linkage disequilibrium (LD) analysis and found that average *r*^2^ values between SNPs in the *dsx*-HDR were significantly larger compared to both adjacent regions of the *dsx*-HDR (fig. S4). SNP pairs whose distances were nearly as long as the *dsx*-HDR (168 kb) had larger *r*^2^, inferred from the rightmost area in fig. S4. This supports the hypothesis that recombination was strongly suppressed in the *dsx*-HDR. These results indicate that the *dsx*-HDR on chromosome 25 is associated with the Batesian mimicry locus of *P. memnon*.

Maintenance of dimorphic *dsx*-HDR in *P. memnon* without chromosomal inversion
-------------------------------------------------------------------------------

The above results indicate that female-limited Batesian mimicry is associated with nearly the same chromosome region in both *Papilio* species, although the structures of these regions differ in terms of the presence/absence of chromosomal inversions ([Fig. 3A](#F3){ref-type="fig"}). The whole length of the *dsx*-HDR for the *A* and *a* alleles was estimated to be 168 and 150 kb, respectively, both of which were 30 to 40 kb longer than the corresponding regions in *P. polytes* ([Fig. 3A](#F3){ref-type="fig"} and fig. S5). Sequence homology between the chromosomes with *A* and *a* alleles was higher than that between *H* and *h* ([Fig. 3A](#F3){ref-type="fig"} and fig. S6) ([@R8]). The *dsx*-HDR of *P. memnon* has boundaries at the specific sites upstream of the newly characterized gene *sodium channel--like* (*Nach-like*) and downstream of *dsx* ([Fig. 3](#F3){ref-type="fig"}, A and B). We refer to these specific sites at both ends of the *P. memnon dsx*-HDR as the "boundary site (BS)." The physical coverage depth around both BSs analyzed by mate-pair mapping showed the same structure as the de novo assembled genome sequence, reinforcing the idea that the *dsx*-HDR structure lacks a chromosomal inversion in *P. memnon* (fig. S7). Furthermore, we used PCR amplification to detect inversions using primer sets for all sequences across BSs of both the *A*-type and *a*-type *dsx*-HDR using 45 butterflies collected in the field. We obtained no evidence for an inverted orientation across both BSs (fig. S8, A to C).

![Detailed structure of *dsx*-HDR in *P. memnon*.\
(**A**) Comparison of the detailed structure of *dsx*-HDR on chromosome 25 between *H* and *h* in *P. polytes* and between *A* and *a* in *P. memnon*. The direction of the *dsx*-HDR is reversed between *h* and *H* of *P. polytes*, but is the same between *a* and *A* of *P. memnon.* Putative BPs in *P. polytes* or BSs in *P. memnon* between the heterozygous and homozygous regions are indicated by red or turquoise dotted lines, respectively. Graphical overview of the homology between heterozygous regions is also shown. Mimetic (*H*/*A*) and nonmimetic (*h*/*a*) sequences were aligned using the LAGAN program and visualized with VISTA (see Materials and Methods). Exon regions are shown in blue. (**B**) Marked change in the *A*/*a* identity across the BS from the homozygous to heterozygous region. The upper panels represent zoom of regions around right and left BPs (*P. polytes*) or BSs (*P. memnon*) in (A). The locations of *UXT*, *dsx*, and *Nach-like* are also shown. Vertical lines (bold or thin) indicate the exon region in each gene, and horizontal lines between exons indicate introns. Red and turquoise dotted lines indicate the BSs in *P. memnon* and the BPs in *P. polytes*, respectively. The lower panels show 2-kb sequence comparisons between *a* and *A* of *P. memnon* in the upper panels. (**C**) Percentages of the various types of repetitive sequences in the whole genome and within *dsx*-HDR. The proportion of repetitive sequences in scaffolds longer than 500 bp was calculated by using RepeatMasker (see Materials and Methods).](aao5416-F3){#F3}

From the sequence alignment comparison between *A* and *a* chromosomes, we mapped the left-side BS within the 5′ untranslated region (5′UTR) of *ubiquitously expressed transcript* (*UXT*) and the right-side BS within the seventh intron of *Nach-like* ([Fig. 3B](#F3){ref-type="fig"} and fig. S9, A and B). Notably, the left BS of the *dsx*-HDR of *P. memnon* ([Fig. 3B](#F3){ref-type="fig"}, turquoise line) coincided precisely with the left breakpoint (BP) of the chromosomal inversion in the *dsx*-HDR of the *H* chromosome of *P. polytes* ([Fig. 3B](#F3){ref-type="fig"}, red line, and fig. S9A). In contrast, the right BS of the *dsx*-HDR in *P. memnon* was located approximately 8 kb from the right BP in *P. polytes*. A long noncoding RNA gene *U3X* found in the *dsx*-HDR of the *P. polytes H* chromosome ([@R8]) was not detected in the *P. memnon* genome based on gene annotation and RNA sequencing (RNA-seq) analyses. Transposable elements, especially LINEs (long interspersed nuclear elements) and unclassified repetitive sequences, accumulated more abundantly in the *dsx*-HDR than in other regions ([Fig. 3C](#F3){ref-type="fig"}) or near both BSs (fig. S10). This finding suggests the possibility that large indels and sequence variation caused by repetitive sequences between the *A* and *a* chromosomes reduce recombination in the *dsx*-HDR of *P. memnon*, in contrast to the reduced recombination between the *H* and *h* chromosomes by chromosomal inversion in *P. polytes*.

Dimorphic structure and expression of three genes in *dsx*-HDR
--------------------------------------------------------------

We clarified the sequence divergences at the three genes within the *dsx*-HDR between *A* and *a* in *P. memnon*. There were only four amino acid substitutions between the *A* and *a* sequences of *P. memnon* Dsx, which are mostly located outside the functional domains (with the exception of one residue in the first position of oligomerization domain). These substitutions were completely different from the 14 amino acid substitutions found in *P. polytes* Dsx, suggesting an independent evolution of the dimorphic Dsx structures between the two species ([Fig. 4A](#F4){ref-type="fig"} and fig. S11A) ([@R14]). The expression level of *dsx* of *A* (*dsx_A*), compared with *dsx_a*, in the hind wings of *Aa* females was higher at the earlier pupal stage (P2) ([Fig. 4D](#F4){ref-type="fig"}) but similar at a later stage (P7) ([Fig. 4E](#F4){ref-type="fig"}). However, expression levels of both *dsx_A* and *dsx_a* in the hind wings of *Aa* males were severely repressed ([Fig. 4E](#F4){ref-type="fig"}). These expression patterns of dimorphic *dsx* were also observed in *P. polytes* ([@R8]), suggesting that mimetic *dsx* (*dsx_A* and *dsx_H*) regulates female-limited Batesian mimicry through a similar mechanism in both species.

![Dimorphic structure and expression of genes in *dsx*-HDR.\
(**A**) Dimorphic structure of *dsx* \[F3 isoform reported previously ([@R8])\] and *Nach-like* between nonmimetic (*a* and *h*; blue) and mimetic (*A* and *H*; red) alleles. Amino acid changes of Dsx and Nach-like are shown above (*a*/*h*) and below (*A*/*H*) each line representing the exon structure. Conserved amino acid residues in Lepidoptera are shown in red above the amino acid changes; "X" indicates the absence of a conservative amino acid sequence. (**B**) Phylogenetic tree of three genes (*dsx*, *UXT*, and *Nach-like*). Bootstrap values are shown on the branches. Four sequences of *P. polytes*-- and *P. memnon*--associated allele types of the *dsx*-HDR are attached to the species names. (**C**) Phylogenetic tree of *dsx*-HDR sequences (maximum-likelihood method using RAxML and GTR+Γ model). Bootstrap values are shown on the branches. (**D**) Gene expression levels in females (mimetic and nonmimetic) and males at day 2 of the pupal stage (P2) in *P. memnon*. Three samples for each of the mimetic and nonmimetic pupae were analyzed by quantitative reverse transcription PCR. \**P* \< 0.05 by Student's *t* test. The expression level of *RpL3* was used as an internal control. The red and black bars indicate *A* and *a* allele genes, respectively. PCR primers to discriminate the heterozygous sequence in *UXT* and *Nach-like* could not be designed, and hence, we used homozygotes (*AA* and *aa*) for the assay. HW, hind wing; Ov, ovary; T, testis. (**E**) Gene expression levels in hind wings of *A*/*a* females and males at stage P7 (*n* = 4 for mimetic female; *n* = 3 for male) estimated by RNA-seq (table S1). The red and black bars indicate genes for *A* and *a* alleles, respectively. The mean FPKM (fragments per kilobase of transcript per million mapped reads) values are shown with SD.](aao5416-F4){#F4}

Comparison of the *Nach-like* sequence between *A* and *a* revealed 10 residue changes in the amino acid sequences ([Fig. 4A](#F4){ref-type="fig"} and fig. S11B). The lepidopteran *Nach-like* gene located near *dsx* is homologous to *Drosophila pickpocket 5* (*ppk5*) ([Fig. 4B](#F4){ref-type="fig"}), and it is reported that Nach (ppk4) colocalizes with Dsx in the genital tract nerve ([@R16], [@R17]). Because two amino acid changes were located within the thumb domain, which is important for *ppk* function ([Fig. 4A](#F4){ref-type="fig"}) ([@R18]), the *Nach-like* gene function appeared to have a different function between the *A* and *a* alleles and to be involved in the dimorphic mimetic traits. Unexpectedly, we also found seven amino acid substitutions between *H* and *h Nach-like* in *P. polytes*, although the gene is located outside of the inverted region ([Fig. 4A](#F4){ref-type="fig"}). The expression of *Nach-like* was detected in the testes and ovaries but not in the hind wings at least during the pupal stage ([Fig. 4D](#F4){ref-type="fig"}).

*UXT* is a transcriptional regulator conserved among a wide variety of animals and suggested to be involved in many pathways, such as nuclear factor κB (NF-κB) and Notch signaling ([@R19], [@R20]). There was no difference in the amino acid sequence of *UXT* outside the *dsx*-HDR between *A* and *a*, but nucleotide sequence differences between the two alleles did exist in a 50-bp region at the most upstream region of the 5′UTR of *UXT* involved in the *dsx*-HDR ([Fig. 3B](#F3){ref-type="fig"} and fig. S9A). Notably, the expression level of *A-UXT* was higher than that of *a-UXT* in day 2 pupae (P2), as in *P. polytes UXT*, but it was similar to that of *a-UXT* in day 7 pupae (P7) ([Fig. 4](#F4){ref-type="fig"}, D and E).

To show that the divergence of the above genes is strictly associated with the *dsx*-HDR, we compared *F*~st~ for gene regions within or adjacent to the *dsx*-HDR between mimetic and nonmimetic females (fig. S12). We found that gene regions within the *dsx*-HDR (*UXT* 5′UTR, *dsx* CDS, and *Nach-like* CDS) showed considerably elevated *F*~st~ values compared to gene regions outside the *dsx*-HDR (*UXT* CDS and two others).

To reconstruct the evolutionary process contributing to divergence of the *dsx*-HDR in the two *Papilio* species, we constructed the gene trees of *Dsx*, *UXT*, and *Nach-like* sequences ([Fig. 4B](#F4){ref-type="fig"}). All trees showed a similar topology and indicated that the dimorphic structures (*A*/*a* or *H*/*h*) of the three genes have differentiated as a supergene unit after the branching of *P. polytes* and *P. memnon*. The phylogenetic tree for the whole *dsx*-HDR region ([Fig. 4C](#F4){ref-type="fig"}; only reliably aligned portions were included for the analysis) indicated that both allelic sequences of *P. memnon* were similar to the *P. polytes h* sequence. These phylogenetic patterns and the absence of shared amino acid substitutions in the mimicry loci between the two species suggest independent divergence of alleles in the two *Papilio* species.

DISCUSSION
==========

Our analyses reveal that the mimicry locus was located at almost the same genomic region in *P. polytes* and *P. memnon*, and contained *dsx* and the other two genes in both species. However, unlike *P. polytes*, the mimicry locus in *P. memnon* was not contained within a chromosomal inversion. We also found that this *dsx*-HDR showed a strong LD and a sign of recombination suppression. *P. polytes* and *P. memnon* are members of the subgenus *Menelaides* (about 10 species) within the genus *Papilio* (205 species in total) and hence closely related, but are not sister species ([@R15], [@R21]). Because the two species exhibit the same type of mimicry polymorphism, we hypothesized that a chromosomal inversion occurred before the branching of these species, which led to the evolution of the female-limited polymorphism because of recombination repression. As a consequence, this ancestral polymorphism would have been retained and further modified in each species. However, our study revealed that the mimetic and nonmimetic alleles have diverged independently in the two species, although they occurred in the same genomic region. We also demonstrated that two genes (*UXT* and *Nach*-*like*) showed sequence divergence associated with that of the *dsx* gene and that differential gene expression in pupal hind wings occurred for *UXT* and *dsx*. These observations suggest that these three genes constitute a mimicry supergene. However, we could not detect differential expression of *Nach-like* alleles in pupal hind wings, and the functions of *UXT* and *Nach-like* in determining female phenotypes are unknown. Therefore, further studies examining gene functions are needed to determine whether the *dsx*-HDR actually has a supergene structure containing multiple genes controlling the female polymorphism.

There may be two possible pathways for the independent divergence of mimicry alleles in *P. memnon* without inversion polymorphism. One explanation is that the dimorphic HDR may have evolved independently in *P. memnon* due to factors other than chromosomal inversion that suppressed recombination and promoted sequence divergence in and around the *dsx* gene. This idea may be supported by our observation that many transposable elements or repeated sequences accumulated within the *dsx*-HDR of *P. memnon* ([Fig. 3C](#F3){ref-type="fig"} and fig. S10). Genomic data and in situ hybridization in *Drosophila* species have shown that transposable elements generally accumulate in regions of reduced recombination, polymorphic chromosomal inversions, and neo-Y chromosomes ([@R22]--[@R24]). In addition, some reports have suggested that transposable elements and repetitive sequences are involved in the recombination suppression ([@R25], [@R26]), although further evidences will be necessary to clarify this idea. Thus, those sequences in the *dsx*-HDR may have reduced the recombination and promoted the divergence of the *dsx* and *Nach-like* sequences between *A* and *a*. In this regard, it is noteworthy that all 14 HDRs other than the *dsx*-HDR on chromosome 25 was identified in the comparison between the Z and W chromosomes of *P. polytes* ([@R8]), suggesting the structural similarity between the *dsx*-HDR on chromosome 25 and the sex chromosome. The female-limited mimicry polymorphism in *P. dardanus* is caused by a supergene locus containing eight genes (*dsx* is not one of them) also without inversion ([@R27], [@R28]). However, the accumulation of repeated sequences or transposable elements was not reported for this supergene locus. A second explanation is that chromosomal inversion in *P. memnon* might occur in almost the same position as the *P. polytes* HDR, resulting in divergence of *A* and *a* alleles. A later re-inversion then might have occurred at the same portion to erase the inversion polymorphism. This idea may be supported by our observation that the positions of the left BP of *P. polytes* and the left BS of *P. memnon* appeared to be the same.

Among the five *Papilio* species most closely related to *P. polytes*, only three show female-limited mimicry, and only *P. polytes* and *P. memnon* exhibit the mimicry polymorphism ([@R15]). To understand the apparently complex evolutionary process underlying this polymorphism, further comparative genomic studies of both mimetic and nonmimetic closely related species and functional analyses of genes involved in the supergene locus are needed.

MATERIALS AND METHODS
=====================

Insect collecting and rearing
-----------------------------

We used *P. memnon* butterflies in Taiwan, where two female forms occur with a single male form ([@R5]). Mimetic females (f. *achates*) have tails on their hind wings and aposematic colors (that is, red or yellow) on hind wings and abdomens, whereas nonmimetic females (f. *agenor*) and males lack these characters. Adult *P. memnon* females and males were collected in four cities (Hualien, Jiayi, Pingtung, and Taichung). Larvae were reared on *Citrus paradisi* (Rutaceae) leaves under long-day conditions (light/dark = 14 hours/10 hours) at 25°C. Pupal samples were staged by the length of time after pupal ecdysis. Research and collection permits were obtained from local governments of Taiwan. Import and rearing of butterflies were conducted with permission from Plant Protection Station, the Ministry of Agriculture, Forestry and Fisheries of Japan. We used the subspecies of *P. polytes*, *P. polytes polytes*, for the present and former analyses ([@R8]), but Kunte *et al*. ([@R7]) used *P. polytes alphenor*.

Whole-genome DNA sequencing
---------------------------

We used genomic DNA samples from 10 females (6 mimetic and 4 nonmimetic) and 1 male of *P. memnon* (table S1), of which *dsx* genotypes were determined in advance following the study of Komata *et al*. ([@R14]). Of these, one mimetic (*dsx* genotype, *AA*) and one nonmimetic (*aa*) females were selected for de novo assembly, and both paired-end (insert size, 500 bp) and mate-pair (insert sizes, 4, 8, and 12 kb) libraries were prepared. The other nine individuals (two *AA*, four *Aa*, and three *aa*) were used to generate only the paired-end libraries (insert size, 500 bp). Sequencing was performed by using Illumina MiSeq and HiSeq sequencers.

Genetic divergence (*F*~st~) between mimetic and nonmimetic populations
-----------------------------------------------------------------------

To detect SNPs, paired-end reads from seven mimetic and four nonmimetic individuals were mapped onto the mimetic (*AA*) draft genome using BWA (version 0.7.12-r1044) ([@R29]) with default parameters. For two HDRs homologous to silkworm chromosomes 9 and 23, only non-inverted haplotype sequences in the draft genome were used as a reference sequence. Note that the *dsx*-HDR sequence in the draft genome was a mimetic (*A*) type in this analysis. Using GATK (Genome Analysis Toolkit) ([@R30]), mapped reads were realigned ("RealignerTargetCreator" and "IndelRealigner" commands), and genotype information was inferred and stored in GVCF format ("HaplotypeCaller" command) for each individual. After all GVCF files were combined ("GenotypeGVCFs" command), SNP information was extracted through "SelectVariants" and "VariantFiltration" commands under the following parameters to filter out low-quality reads: "QD \< 2.0 \|\| FS \> 60.0 \|\| MQ \< 40.0 \|\| MQRankSum \< −12.5 \|\| ReadPosRankSum \< −8.0."

On the basis of the identified SNPs, genetic divergence (*F*~st~) between mimetic and nonmimetic populations was calculated using VCFtools ([@R31]). We masked sites of the draft genome according to the following two steps: (i) For each site, individuals whose coverage depths were less than 0.25× mean coverage depth or more than 2.0× mean coverage depth were excluded, and (ii) sites were masked if more than half of the individuals were excluded in both the mimetic and nonmimetic populations. Note that coverage depths were calculated based on the "DP" values in GVCF files. The masking information was input into VCFtools as a FASTA-like format using "\--mask" option, and mean *F*~st~ values between mimetic and nonmimetic populations were calculated for each nonoverlapping 10-kb windows ("\--fst-window-size 10000 \--fst-window-step 10000" options). In the result of VCFtools, the windows that had 10 or more variants ("N_VARIANTS" value ≥ 10) were extracted, and corresponding *F*~st~ values were used as the final output. The method of mapping for the 10-kb windows to *Bombyx mori* chromosomes is described in the next section.

Mapping *P. memnon* genomic segments to *B. mori* chromosomes
-------------------------------------------------------------

Scaffolds of *P. memnon* were repeat-masked (see the "Masking of repetitive sequences" section) and aligned to the repeat-masked genome of *B. mori*, which was downloaded from KAIKObase (<http://sgp.dna.affrc.go.jp/KAIKObase/>), using Blastn (version 2.2.26+) with the following options: "-task blastn -evalue 1e-5." Each scaffold was assigned to a certain *B. mori* chromosome on the basis of the sum of alignment scores, and the position on the chromosome was determined on the basis of the average position of the alignments. Finally, the position of a fixed-length segment in the scaffolds was determined by almost the same way of scaffolds above, limiting target of Blastn to a chromosome assigned to its parental scaffold. If a segment had no hit whose *e* value was ≤10^−5^, then its position was inferred according to the position of its parental scaffold.

Detection of HDRs
-----------------

To detect highly differentiated mimetic genomic regions from the nonmimetic ones, each raw mimetic scaffold was divided into nonoverlapping 50-kb segments, and these segments were aligned to the raw Platanus scaffolds of the nonmimetic (*aa*) individual, using Blat (version 36) ([@R32]) with the following options: "-minIdentity=70 -maxIntron=50000." From raw output of Blat (PSL format), for each segment, the maximum matches hit, whose alignment length was ≥25% of its non-N bases, was extracted, and average sequence identity was calculated using the script "pslScore.pl" downloaded from the University of California, Santa Cruz website (<https://genome.ucsc.edu/FAQ/FAQblat.html>). Next, mimetic 50-kb segments were mapped to *B. mori* chromosomes (see the "Mapping of *P. memnon* genomic segments to *B. mori* chromosomes" section). Finally, chromosome positions and identities against nonmimetic *P. memnon* scaffolds were plotted ([Fig. 2A](#F2){ref-type="fig"}), and low-identity (≤95%) segments were detected on chromosomes 9, 23, and 25.

Estimation of the zygosities of HDRs for whole-genome sequencing data
---------------------------------------------------------------------

Genomic reads from each sample were mapped to the draft genome, which included both types of HDRs. The coverage depth values corresponding to homologous regions (homo-peak depth) were determined. The average coverage depth was calculated for each HDR, excluding gaps (Ns), repeat-masked regions, and sites whose coverage depth was ≥2× homo-peak depth. The average values were divided by the homo-peak depth ([Fig. 2C](#F2){ref-type="fig"}). Normalized depths of 0, 0.5, and 1 corresponded to missing, heterologous, and homologous regions, respectively.

Homology between heterozygous regions of *a*, *A*, *h*, *H*, and *Papilio xuthus*
---------------------------------------------------------------------------------

A graphical overview of homology between heterozygous regions \[mimetic (*H*/*A*), nonmimetic (*h*/*a*), and *Papilio xuthus* sequences\] was constructed using the LAGAN ([@R33]) program and visualized with VISTA ([@R34]). The graph is a plot of nucleotide identity with a 70% identity threshold and a 100-bp sliding window centered at a given position. Annotated genes are shown in blue lines.

PCR validation for right and left BS sequences in *dsx*-HDR of *P. memnon*
--------------------------------------------------------------------------

We designed allele-specific PCR primer sets to amplify the left and right BS junctions. For example, to amplify the left BS for the *A* allele, we designed three primer sets (forward and reverse) for the first PCR (fig. S8A), second PCR (fig. S8B), and third PCR (fig. S8C). Using the PCR sample in which the DNA band was amplified by the first PCR, we further performed the second PCR with the different primer set to amplify the inner region within the first PCR-amplified region. Using this dual checking by two PCR analyses, we could verify the junction direction and sequence for the BS. In addition, we performed the third PCR with a different primer set to amplify the hypothetical inverted *A* region. Similarly, we designed two primer sets at the other three BSs (left BS of *a*, right BS of *A*, and right BS of *a*). Thus, we confirmed that all DNA samples (45 individuals) have the anticipated junction sites and direction.

The following PCR primers and conditions were used for PCR validation: first PCR: 35 cycles of 98°C for 10 s, 60°C for 15 s, and 68°C for 30 s, using primers for *a*-type (left BS of *a*\*F, left BS of *a*\*R, right BS of *a*\*F, and right BS of *a*\*R) and *A*-type (left BS of *A*\*F, left BS of *A*\*R, right BS of *A*\*F, and right BS of *A*\*R) alleles. Left BS of *a*\*F, 5′-TTGATCCTGCACACGAAGAC-3′; left BS of *a*\*R, 5′-AGATGACGCTGCAAAGACAA-3′; right BS of *a*\*F, 5′-AGCTGGCATAGTGCACCTAAA-3′; right BS of *a*\*R, 5′-ACAAGGTAGCGACCGTCATC-3′; left BS of *A*\*F, 5′-TTTGAAACCATCCTGATGAGC-3′; left BS of *A*\*R, 5′-TGGATAACCAAAAACGAAATGA-3′; right BS of *A*\*F, 5′-GCCCTAGGGTTAAATTTTCAGG-3′; right BS of *A*\*R, 5′-ACAAGGTAGCGACCGTCATC-3′. Second PCR: 35 cycles of 98°C for 10 s, 60°C for 15 s, and 68°C for 60 s, using primers for *a*-type (left BS of *a*\*2F, left BS of *a*\*2R, right BS of *a*\*2F, and right BS of *a*\*2R) and *A*-type (left BS of *A*\*2F, left BS of *A*\*2R, right BS of *A*\*2F, and right BS of *A*\*2R) alleles. Left BS of *a*\*2F, 5′-ACTGCAGCCTCCATGAAAAA-3′; left BS of *a*\*2R, 5′-TTTCATTCACTGCCGTTTTG-3′; right BS of *a*\*2, 5′-CTCTTCCGCGACGAACATA-3′; right BS of *a*\*2R, 5′-GTCGATTTGCTTTCGTGCTT-3′; left BS of *A*\*2F, 5′-CTGACCGATGCCAAATAACA-3′; left BS of *A*\*2R, 5′-GCGAACACAATCAATGAGGA-3′; right BS of *A*\*2F, 5′-CCGCGACGAATATAAGAAGG-3′; right BS of *A*\*2R, 5′-GTCGATTTGCTTTCGTGCTT-3′. Third PCR: 35 cycles of 98°C for 10 s, 60°C for 15 s, and 68°C for 60 s, using primers for hypothetical inverted *A*-type (left BS of *A*\*3F, left BS of *A*\*3R, right BS of *A*\*3F, and right BS of *A*\*3R) allele. Left BS of *A*\*3F, 5′-TTTGAAACCATCCTGATGAGC-3′; left BS of *A*\*3R, 5′-TCATTTCGTTTTTGGTTATCCA-3′; right BS of *A*\*3F, 5′-CCTTCTTATATTCGTCGCGG-3′; right BS of *A*\*3R, 5′-ACAAGGTAGCGACCGTCATC-3′.

De novo assembly of the *P. memnon* genome
------------------------------------------

The two draft genomes of *P. memnon* (mimetic and nonmimetic individuals) were assembled separately from Illumina reads using Platanus (version 1.2.4) ([@R35]). Before Platanus assembly, all reads were preprocessed to exclude adaptor sequences and low-quality bases by Platanus_trim (version 1.0.7; <http://platanus.bio.titech.ac.jp/>). Short-insert reads (estimated insert size ≤ 0.5 × nominal size) and PCR duplicates in mate-pair libraries were removed based on mapping of reads to the assembly results (scaffolds), which were constructed only from paired-end libraries, using an in-house program. All of the above tools were executed with default settings. As a result, the total size, scaffold N50, and contig N50 were 232.1 and 5.5 Mb and 11.8 kb for the mimetic individual, whereas those were 240.7 and 4.6 Mb and 9.2 kb for the nonmimetic individual, respectively (statistics were calculated for scaffolds whose lengths were ≥500 bp). The two draft genomes were analyzed to detect the highly differentiated regions between mimetic and nonmimetic individuals (see the "Detection of HDRs" section).

We further constructed the representative draft genome of *P. memnon* on the basis of the mimetic-type draft genome with the following additional procedures:

1\) The complete mitochondrial genome was assembled by Platanus with the high-coverage data setting (Platanus assemble --n 100 --k 100), and the resulting complete genome replaced the partial mitochondrial fragments in the initial assembly results.

2\) Short scaffolds (length, \<500 bp) and contamination candidates that matched bacterial or viral genomes (database, National Center for Biotechnology Information Bacteria and RefSeq viral genomes; tool, Blastn; threshold identity, ≥90%; and query coverage, ≥50%) were excluded.

3\) HDRs that mapped to chromosomes 9 and 23 of the silkworm genome (see the "Detection of HDRs" section) were assembled independently with Platanus using a setting to assemble heterozygous haplotype sequences (assemble --u 0, scaffold --u 0), and the scaffolds were extended manually. We constructed haplotype sequences, which contained inversions, for both regions of chromosomes 9 and 23. The resulting scaffolds of those haplotypes replaced the partial sequences corresponding to the HDRs.

The final draft genome (table S2) was used for gene annotation and downstream analysis.

Masking of repetitive sequences
-------------------------------

To construct the repetitive sequence library for *P. memnon*, the mimetic draft genome was input into RepeatModeler (version 1.0.7; [www.repeatmasker.org/RepeatModeler.html](http://www.repeatmasker.org/RepeatModeler.html)). RepeatMasker (version 4.0.5; [www.repeatmasker.org/](http://www.repeatmasker.org/)) was used to mask repetitive sequences in the draft genome with the resulting library from RepeatModeler.

Annotation of protein-coding genes
----------------------------------

The annotation procedure followed methods from a previous study of *P. polytes* and *P. xuthus* genomes ([@R8]), and protein-coding genes were annotated on the basis of the final draft genome of *P. memnon*. Briefly, we first applied MAKER (version 2.31) ([@R36]) annotation pipeline, which uses the homology-based, transcript-based, and ab initio gene predictions. Its result was further corrected by using RNA-seq information. For homology-based prediction, protein sequences from the following species were used: *P. polytes*, *P. xuthus*, *B. mori*, *Danaus plexippus*, *Heliconius melpomene*, *Drosophila melanogaster*, *Apis mellifera*, and *Tribolium castaneum*. RNA-seq--based gene prediction was performed using TopHat (version 2.1.0) ([@R37]), Cufflinks (version 2.2.1) ([@R38]), Trinity (version 2.2.0) ([@R39]), GMAP (version 2016-06-30) ([@R40]), and TransDecoder (version 3.0.0; <http://transdecoder.github.io/>). A MAKER gene was replaced if its exons were covered by an RNA-seq--based gene covered MAKER exons (coverage, ≥50%), and its CDS was longer than that of the MAKER gene.

Orthologs among *Papilio* species
---------------------------------

We classified all the proteins from five *Papilio* species (*P. memnon*, *P. polytes*, *P. xuthus*, *P. machaon*, and *P. glaucus*) into orthologous groups using Proteinortho ([@R41]). This tool constructs groups on the basis of an all-against-all alignment of Blastp. The definition of an orthologous relationship between proteins was as follows: *e* value, ≤10 to 5; identity, ≥25%; and alignment coverage, ≥50% for both sequences. Protein sequences of *P. polytes* and *P. xuthus* were obtained from PapilioBase (<http://papilio.bio.titech.ac.jp/>), and those of *P. machaon* and *P. glaucus* were obtained from RefSeq database.

Construction of a phylogenetic tree of concatenated protein-coding gene sequences
---------------------------------------------------------------------------------

We determined orthologous groups of proteins from five *Papilio* species (see the "Orthologs among *Papilio* species" section) and extracted 4163 groups that had a one-to-one relationship across all species. For each group, multiple alignments were performed by MAFFT ([@R42]) and sites containing gaps ('-') or ambiguous characters ('X') were excluded. All alignments were concatenated, and 1,698,871 amino acid sites were used for phylogenetic analysis. The phylogenetic tree was constructed with RAxML (version 7.0.4) ([@R43]). Here, we applied the JTT substitution matrix with a gamma model of rate heterogeneity (-m PROTGAMMAJTT) and the number of 1000 replicates for bootstrap analysis.

Construction of a phylogenetic tree of *dsx*-HDRs including intergenic regions
------------------------------------------------------------------------------

In addition to *P. memnon*, four draft genomes of *P. polytes*, *P. xuthus*, *P. machaon*, and *P. glaucus* were downloaded from GenBank. Genomic sequence homologous to a region between BPs of the *dsx* locus inversion of *P. polytes* was extracted for each species. The positions of the regions were determined by manual investigations using NUCmer and mummerplot in the MUMmer package ([@R44]). For *P. polytes* and *P. memnon*, both mimetic and nonmimetic genomic sequences were obtained. For each extracted sequence, repetitive regions were excluded using RepeatModeler ([www.repeatmasker.org/RepeatModeler.html](http://www.repeatmasker.org/RepeatModeler.html)) and RepeatMasker ([www.repeatmasker.org/](http://www.repeatmasker.org/)). Next, the repeat-excluded sequences were multiple-aligned by MAFFT (version 7.157b) ([@R42]), and sites containing gaps ('-') were further excluded, resulting in 30,683 nucleotide sites. Finally, with the resultant alignment, a maximum-likelihood tree reconstruction was performed using RAxML (version 7.0.4) ([@R43]) with the general time-reversible substitution model with a gamma model for rate heterogeneity (GTR+G) and 1000 bootstrap replicates.

Construction of *dsx*, *UXT*, and *Nach-like* gene trees
--------------------------------------------------------

Nucleotide sequences of three genes (*dsx*, *UXT*, and *Nach-like*) were obtained from KAIKObase (<http://sgp.dna.affrc.go.jp/KAIKObase/>) for *B. mori*, MonarchBase (<http://monarchbase.umassmed.edu>) for *D. plexippus*, Manduca Base (<http://agripestbase.org/manduca/>) for *Manduca sexta*, Butterfly Genome Database for *H. melpomene*, PapilioBase (<http://papilio.bio.titech.ac.jp/>) for *P. polytes* and *P. xuthus*, and RefSeq database for *P. machaon* and *P. glaucus*. In addition, the *ppk* sequences (*ppk1--6*) from *D. melanogaster* (homologous to *Nach-like*) were obtained from FlyBase (<http://flybase.org>). For each gene, multiple alignment was performed using MAFFT ([@R42]), resulting in sequence matrices with 816, 635, and 2162 aligned sites for *dsx*, *UXT*, and *Nach-like*, respectively. Maximum-likelihood analysis was performed for each gene using RAxML version 8.2.3 ([@R43]) with RAPID ML analysis with 1000 bootstrapping analyses. The general time-reversible substitution model with a gamma model for rate heterogeneity (GTR+G) was used in this analysis.

Reverse transcription PCR
-------------------------

Total RNA was extracted from hind wings, ovary, and testis from each individual using the TRI reagent (Sigma-Aldrich) and the RNeasy Mini Kit (Qiagen) following the manufacturer's protocol. The samples were treated with 2.5 U of deoxyribonuclease I/1 μg of RNA (Takara) for 15 min at 37°C to remove genomic DNA. After phenol-chloroform extraction, reverse transcription was performed using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific). A StepOne Real-Time PCR System (Applied Biosystems Inc.) with the Power SYBR Green PCR Master Mix (Applied Biosystems) was used for gene quantification. PCR cycling conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 60 s. Standard curves were generated for all primer pairs. The following quantitative PCR primers were used for the gene quantification: *dsx a*\*F, 5′-AAAGTGGCGGTTGAACCAAA-3′; *dsx a*\*R, 5′-TTCAATTGTTCGCTGAGACCAT-3′; *dsx A*\*F, 5′-GAGTTTAGCCGTGTTATAACTCATA-3′; *dsx A*\*R, 5′-TTCAAATGTTCGCCGAGACAAT-3′; *UXT*\*F, 5′-GATGAAGCTTCTGGTCGGTTATCAC-3′; *UXT*\*R, 5′-GTCTTCGTGTTCAGGATCAACAGTT-3′; *Nach-like*\*F, 5′-GCCCGAAGTGCGCAAA-3′; *Nach-like*\*R, 5′-CGTCGCGGAAGAGACATTTTC-3′; *rpL3*\*F, 5′-CTCACCGTATGGGCAGAACATATGTC-3′; *rpL3*\*R, 5′-TCTTGCTGGCTTTGGTAAATGCCTTCTTC-3′. Expression levels of these genes were normalized to that of *ribosomal protein L3* (*RpL3*), which was used as an internal control. Statistical analysis was performed on data from individuals in each pupal stage. Statistical significance was determined using Student's *t* test.

Calculation of synonymous site divergence (*K*~s~ value) for each pair of the five *Papilio* species
----------------------------------------------------------------------------------------------------

The *K*~s~ value for each pair of the five *Papilio* species was calculated based on the ortholog groups used for the phylogenetic analysis in the main text ([Fig. 1C](#F1){ref-type="fig"}). For each ortholog group, genes were included one by one for all species, and the *K*~s~ value was calculated as follows:

1\) Protein sequences from all the species were aligned by MAFFT (version 7.157b) ([@R42]).

2\) Aligned protein sequences were converted to nucleotide sequences.

3\) Sites that contained gaps ('-') were excluded.

4\) Pairwise *K*~s~ values were calculated by KaKs_Calculator (version 1.2) ([@R45]) according to the Nei-Gojobori method (-m NG) ([@R46]).

*K*~s~ values between two species were averaged, excluding ortholog groups for which KaKs_Calculator could not calculate the value ( 'NA' output) due to lack of informative sites. We constructed a neighbor-joining tree method using T-REX web server ([@R47], [@R48]), inputting the average *K*~s~ data as a distance matrix.

LD analysis
-----------

To investigate LD in the *dsx*-HDR, we calculated *r*^2^ for all pairs of biallelic SNPs in the *dsx*-HDR. The SNPs used were the same as used for *F*~st~ \[see the "Genetic divergence (*F*~st~) between mimetic and nonmimetic populations" section\], and pairwise *r*^2^ between SNPs was calculated with VCFtools (version 0.1.14) ([@R31]) by inputting a VCF file and using the option "\--geno-r2." The resulting *r*^2^ values were binned according to distances of SNP pair (bin size, 1 kb), and average values in bins were plotted in fig. S4. For comparison, adjacent regions of the *dsx*-HDR, whose lengths equaled that of the *dsx*-HDR (168 kb), were also analyzed in the same way.
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fig. S1. Neighbor-joining tree based on average *K*~s~ value matrix.

fig. S2. Harr plot view of the 2-Mb region around *dsx*-HDRs on chromosome 25 between *P. memnon* and *P. polytes*.
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fig. S5. Comparison of detailed and dimorphic structures of *dsx*-HDR between the *A*/*a* locus in *P. memnon* and the *H*/*h* locus in *P. polytes*.

fig. S6. Sequence homology of *dsx*-HDR among *A*, *a*, *H*, *h*, and the *P. xuthus* corresponding regions.

fig. S7. Verification of the BS junction without inversion by mate-pair mapping.

fig. S8. PCR-based verification of junction sites for the left and right BSs in *dsx*-HDR of *P. memnon*.

fig. S9. Nucleotide sequence comparison of the left and right BSs of *dsx*-HDR between the *A*/*a* locus of *P. memnon* and the *H*/*h* locus of *P. polytes*.
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